Abstract CubeSats are small satellites built in standard sizes and form factors, which have been growing in popularity but have thus far been largely ignored within the field of astronomy. When deployed as space-based telescopes, they enable science experiments not possible with existing or planned large space missions, filling several key gaps in astronomical research. Unlike expensive and highly sought-after space telescopes like the Hubble Space Telescope (HST), whose time must be shared among many instruments and science programs, CubeSats can monitor sources for weeks or months at time, and at wavelengths not accessible from the ground such as the ultraviolet (UV), far-infrared (far-IR) and low-frequency radio. Science cases for CubeSats being developed now include a wide variety of astrophysical experiments, including exoplanets, stars, black holes and radio transients. Achieving highimpact astronomical research with CubeSats is becoming increasingly feasible with advances in technologies such as precision pointing, compact sensitive detectors, and the miniaturisation of propulsion systems if needed. CubeSats may also pair with the large space-and ground-based telescopes to provide complementary data to better explain the physical processes observed.
A Disruptive & Complementary Innovation
Fifty years ago, in December 1968, National Aeronautics and Space Administration (NASA) put in orbit the first satellite for space observations, the Orbiting Astronomical Observatory 2. Since then, astronomical observation from space has always been the domain of big players. Space telescopes are usually designed, built, launched and managed by government space agencies such as NASA, the European Space Agency (ESA) and the Japan Aerospace has been subsidising this cost for universities, high schools and non-profit organisations.
CubeSats will soon be traveling beyond Earth's orbit to explore the solar system. Increasing investment from space agencies and private industry is enabling planetary scientists to send specialized instruments housed in CubeSats to the Moon (e.g. LunaH-Map, (5); Lunar Flashlight, (6); Lunar IceCube, (7)), Mars, (e.g. MarCo, (8)), and even an asteroid (NEA-Scout, (9)).
The argument for CubeSats as a "disruptive innovation" for science is well laid out in Chapter 2 of a report produced by National Academies of Sciences, Engineering & Medicine (NAS) entitled Achieving Science with CubeSats: Thinking Inside the Box (4). The argument stems from the original definition by Clayton Christensen as the "process by which a product or service takes root initially in simple applications at the bottom of a market and then relentlessly moves up-market, eventually displacing established competitors."(https://hbr.org/product/disruptive-technologies-catching-thewave-hbr-bestseller/95103-PDF-ENG). Of course, CubeSats cannot displace the need for large space missions, such as the $9.5B James Webb Space Telescope (JWST) with its 6.5-m aperture and diverse suite of instruments. But there are many sufficiently bright sources for which smaller apertures, capturing spectral and temporal data, that can answer compelling scientific questions. For these, CubeSats can provide complementary approaches, such as time domain data, to the flagship observatories, thereby ushering in astronomy to join the CubeSat boom.
Filling Science Gaps: Time Domain Astronomy Across the Electromagnetic Spectrum
All astrophysical phenomena change with time such that observed variability provides insight into the physical processes and motions at play. Many variable signals are best observed from space where conditions can be kept stable and where long and relatively unobstructed views are possible, compared to the Earth's day/night cycle. As recently evidenced by the remarkable stellar and exoplanet discoveries of NASA's Kepler mission(12) (https://keplerscience.arc.nasa.gov/publications.html), there is much to be learned from staring at one field for a long period of time, measured in weeks or months.
Unlike ground-based time-domain surveys such as Pan-STARRS (10) and the Large Synoptic Survey Telescope (11), space telescopes also allow access to energies across the electromagnetic spectrum inaccessible to these telescopes due to the absorption by the Earth's atmosphere, such as large gaps in the radio, the far-IR, and the entire high-energy range (UV to gamma rays). However, time domain programs with flagship space missions, such as HST and JWST, are challenging because the multi-purpose, multi-user, and multi-billion dollar telescopes are in such high demand.
There are now a handful of small observatories housed in CubeSats preparing for science:
• The ASTERIA (Arcsecond Space Telescope Enabling Research in Astrophysics) 6U CubeSat (13), led by the Jet Propulsion Laboratory (JPL) and the Massachusetts Institute of Technology (Principal Investigator (PI) Sara Seager), launched in August 2017 (Figure 2 ). ASTERIA's science goals are to measure exoplanetary transits across bright stars with <100 ppm photometry, making it the first CubeSat enabled for astronomical measurements. But more important are its technology goals to advance CubeSat capabilities for astronomy by achieving better than 5" pointing stability over a 20-minute observation (14) , and demonstrate milliKelvin-level temperature stability of the imaging detector.
• PicSat, a French-led 3U CubeSat (PI Sylvestre Lacour) supported primarily by the European Research Council, was launched into a polar orbit in January 2018. Its primary goal is to observe in visible light the potential transit of the directly-imaged giant planet β Pictoris b, and perhaps even its moons and debris (https://picsat.obspm.fr/).
• In 2016, NASA, through the Astrophysics Research and Analysis (APRA) program, funded its first astronomy CubeSat, HaloSat, a 6U CubeSat led by the University of Iowa (PI Philip Kaaret) (15) . HaloSat aims to measure the soft X-ray emission from the hot halo of the Milky Way galaxy to resolve the missing baryon problem, in which the number of baryons observed in the local universe is about half the amount recorded by the cosmic microwave background. These "missing" baryons may be residing in the hot halos around galaxies (16; 17) . HaloSat is expected to be launched on Orbital ATK mission AO-9 currently scheduled for May 2018 with support from the CSLI and NASA headquarters.
• In February of 2017, NASA funded its second astronomical 6U CubeSat, the Colorado Ultraviolet Transit Experiment (CUTE), led by the University of Colorado Boulder (PI Kevin France). It aims to conduct a survey of exoplanet transit spectroscopy in the near-UV (18) of a dozen short-period, large planets orbiting FGK stars to constrain stellar variability and measure mass-loss rates. In previous UV transit spectroscopy observations carried out by HST, the stellar variability from transit to transit led to conflicting interpretations, possibly due to variations in stellar activity (19; 20) , and as such, many more transits are needed to disentangle the sources of variability. CUTE is planning for a launch in the first half of 2020.
• This year, NASA funded two new astrophysics CubeSats. I am the PI of one, the Star-Planet Activity Research CubeSat (SPARCS), led by Arizona State University (21) . It will be a 6U CubeSat devoted to the far-and near-UV monitoring of low-mass stars (0.2-0.6 M ), the most dominant hosts of exoplanets (22) . The stellar UV radiation from M dwarfs is strong and highly variable (23) , and impacts planetary atmospheric loss, composition and habitability (24; 25) . These effects are amplified by the extreme proximity of their habitable zones (HZ). After a late-2021 launch to a sun-synchronous orbit, SPARCS will spend an entire month on each of at least a dozen M stars measuring rotational variability and flaring in both bands to be used as inputs to stellar atmosphere and planetary photochemistry models.
• BurstCube is the second one funded this year, led by the NASA's Goddard Space Flight Center (PI Jeremy Perkins), which also aims for a 2021 launch, to detect gamma ray transients in the 10-1000 keV energy range. Its fast reaction time and small localisation error are a valuable capability to catch the predicted counterparts of gravitational wave sources (26) , complementing existing facilities such as Swift and Fermi. The team aims to eventually fly about 10 BurstCubes to provide all-sky coverage for significantly less cost than the typical large mission.
At this time, there are no funded far-IR CubeSats. Thermal stability and detector cooling needs to be considered at all wavelengths, but in the far-IR the detectors require extreme cooling to bring the thermal background to manageable levels. Cryocoolers capable of working within the current CubeSat power and space limitations have yet to be developed for astrophysics. IR Earth-observing CubeSats are currently leading the development in these regards, but with increased community interest towards far-IR astrophysics research with CubeSats (27), perhaps we will see more technological advances on the horizon.
CubeSats like CUTE and SPARCS may also fill the upcoming lengthy gap in NASA's flagship UV capabilities. As HST's UV detectors degrade, there are no future opportunities planned until sometime after 2035, at least for the U.S. community, when the Large UV/Optical/IR Surveyor (LUVOIR) or the Habitable Exoplanet Imaging Mission (HabEx) may launch.
In addition to individual CubeSat science cases, pairing CubeSats -even those with a singular capability -with large telescopes can enhance their utility and impact. For instance, SPARCS may also be capable of 'targetof-opportunity' UV observations for NASA's Transiting Exoplanet Survey Satellite (TESS) yield of rocky planets in M dwarf HZs. These will be some of the first HZ planets to be spectroscopically characterized by JWST and in need of the contemporaneous UV context for the interpretation of their transmission and emission spectra (24) .
Even the large ground-based observatories can benefit from a CubeSat partner. Just two examples are electromagnetic follow-up conducted by CubeSats to gravity wave detections (28) , such as BurstCube plans, and the needed stellar activity monitoring by a dedicated CubeSat or two for the extremeprecision radial velocity searches for exoplanets by the upcoming extremely large telescopes (29) . In each of these examples, the cost of the CubeSat is a small fraction of the total cost of the experiment, but it may provide the contextual data needed to best interpret the results.
Filling Technology Gaps
Key technology developments can fill gaps for CubeSats, as well as with CubeSats for future missions. Achieving compelling astronomy with CubeSats has recently become possible due to advances in precision pointing, communications technology, deployables, and others summarised in Tables 5.1 and 5.2 of the NAS report (4). Early CubeSats typically had short lifetimes once in orbit, lasting only a few months. With increased ground testing and added redundancies, the lifetimes have grown significantly. For instance, AeroCube-4, built by the Aerospace Corporation (https://www.nasa.gov/sites/default/files/files/D HinkleyAerospace PICOSAT Capability Status 2014.pdf), has been working in orbit for five years and counting, with the rest of the AeroCube series (#5 and greater) routinely flying for several years. In addition to the greater science potential, this increased reliability allows for CubeSats to be cost-effective space-borne testbeds for new technologies, lasting much longer and in more relevant radiation environments than sounding rockets (up to ≈30 minutes, ≈100 km) or balloons (up to ≈100 days, ≈ 50 km).
One example, the Optical Communications and Sensor Demonstration (https://www.nasa.gov/directorates/spacetech/small spacecraft/ocsd project.html) aims to improve the range, accuracy and rate of communications using CubeSats, increasing downlink data rates from kb/s to Mb/s from LEO. For astronomy in particular, high-precision photometry requires high-precision pointing, which has been a great challenge for CubeSats. Four of the upcoming U.S.-led astronomy CubeSats discussed above are made possible by a commercially-available attitude control system (ACS), called XACT, specifically developed for CubeSats by Blue Canyon Technologies (BCT). This XACT ACS was first tested by the MinXSS solar CubeSat launched in December of 2015 (30) , which demonstrated an improvement from tenths of degrees to a pointing RMS of 5" to 15". The is achieved with measurements taken by a suite of sensors including a star tracker, accelerometers, gyroscopes, a Sun sensor and a GPS receiver, which are combined to precisely drive three-axis reaction wheels, all of which fit into less than 1U of a 3U or 6U CubeSat. The first test of the XACT ACS on stars other than the Sun is being conducted by ASTERIA.
As the standard form factor of CubeSats gains popularity for astrophysical research, work on deployable and deformable mirrors in small packages is bolstered, benefiting both the science directly and future space observatories that will use these components. For example, Stiles et al. 2010 (31) presented a concept in which a mirror unfolds from a 1U CubeSat volume to a 30 cm diameter primary mirror for a telescope, and Cahoy et al.'s (32) CubeSat Deformable Mirror Demonstration (DeMi), shows how small deformable mirrors (33) may become a key technology to correct optical system aberrations in high contrast.
For these and many other innovations, CubeSats can play a critical role in increasing the Technology Readiness Levels (TRL; https://www.nasa.gov/directorates/heo/scan/engineering/te of astronomy-enabling technologies. The TRL is a metric for assessing the maturity of a new technology. Increasing the TRL from one (beginning of basic research) to nine (proven to work in space) for a given technology requires teams to design, test, iterate, and validate. CubeSats excel here because of the quick turnaround time from idea to lessons learned at much lower costs.
As an example, part of the SPARCS mission goals is to advance UV detectors by flying high quantum efficiency, UV-optimized detectors developed at JPL (34) . The detectors on sounding rocket flights have already demonstrated greater than five times the sensitivity of those used by the most recent dedicated UV NASA mission, GALEX. Flying these new detectors on a CubeSat will increase their TRL to the levels needed for future use in large space telescopes such as the next UV-enabled flagship mission.
A natural next step in the development of CubeSats for astronomy may be launching a constellation or swarm of CubeSats. Such configurations will allow an increase in collecting area, or function as a single spectrometer where each CubeSat has its own photometric or spectroscopic wavelength range, or as a radio array of many CubeSat nodes (35; 36; 37; 38) . Already, five 20 cm x 20 cm x 20 cm, 7-kg cubes, albeit not actual CubeSats, fly together as part of the BRIght Target Explorer (BRITE) constellation (39) . Each carries a 3-cm telescope with a wide field of view (about 24
• on the sky) and has demonstrated high-precision (1.5 millimag) optical photometry of bright stars for asteroseismology (40) . 
On the Verge of Something Big with Something Small
Currently, the cost of a research-grade astrophysics CubeSat is between $5M and $10M USD with a 2 -3 year start to launch time scale. Costs will continue to fall as more telescopes and instruments are developed to accommodate the CubeSat standard. The orders of magnitude difference in cost and development time of CubeSats compared to large missions opens the door to much broader participation. Smaller collaborations, individual institutions and countries seeking to get involved in space sciences may turn to CubeSats to grow their presence in space. And, since astronomy is often a gateway science to STEM (science, technology, engineering and mathematics), CubeSat observatories may draw more people to these fields, providing opportunities for training students by giving them hands-on, end-to-end research and engineering experience in a reasonable time frame.
As NASA, ESA and other global initiatives increase their solicitations for small astrophysics missions, technological and scientific advancement of CubeSats will pick up speed, and we will see a dramatic boost to CubeSat observatories, creating an even wider path towards the democratisation of space and adding a new dimension of how we do space-based astronomy. 
